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Nekton response to discharged PO4 process H2O
Response of estuarine nekton to the regulated discharge 
of treated phosphate-production process water
Abstract
Florida is one of the world’s leading producers of phosphate. The mining and processing of phosphate produce a 
large volume of nutrient-rich, highly acidic process water that must either be stored or be treated and then discharged 
into the environment. Environmental effects of the regulated discharge of treated phosphate-production process 
water have not been well studied; however, eutrophication has been shown to negatively affect estuarine systems. We 
characterized the nekton community in Bishop Harbor during the discharge of treated process water (November 2003–
October 2004) and compared these data with data collected during a nondischarge period (January 1993–December 
1993) to identify possible effects of the discharged water on nekton communities. Overall fish community structure and 
species composition during the nondischarge and discharge time periods did not markedly differ. Several taxa exhibited 
subtle shifts in spatial distribution in Bishop Harbor; these shifts may be partially attributable to altered salinity from the 
combined effects of wastewater discharge and enhanced precipitation during the active 2004 hurricane season. Although 
we did not discern any effects of the discharge of treated process water on nekton communities, regulated discharges 
might have contributed to a large macroalgal bloom, which was harvested to reduce the possibility of decomposition-
related hypoxia. Such an approach was practical only because Bishop Harbor is relatively small (~ 200 ha), and would not 
have been cost-effective for a larger system. Given the importance of Florida’s phosphate industry, it is critical that better 
alternatives to the treatment and disposal of process water be developed.
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Introduction
The United States is the world’s leading producer 
and consumer of phosphate, which is required for the 
manufacture of fertilizers and many other industrial 
products. Approximately 75% of the nation’s supply 
and 25% of the world’s supply of phosphate fertilizer is 
produced in Florida, where the wet-process manufacture 
of phosphate is practiced (Florida Institute of Phosphate 
Research 2004). The wet process method requires a large 
volume of process water, which is rendered highly acidic, 
with elevated concentrations of nutrients and other 
constituents (Lee et al. 2004). Long-term storage of process 
water presents clear environmental threats to nearby 
aquatic ecosystems (Lee et al. 2004). In 1997, a spill from 
a breached phosphogypsum storage stack resulted in the 
discharge of approximately 50 million gallons of acidic 
process water into the Alafia River, a tributary of Tampa 
Bay; this spill resulted in the almost instantaneous kill of 
more than 1.3 million fishes and affected approximately 
153 ha of wetland habitat (Iliff et al. 2001). 
To mitigate environmental risks, it is usually 
necessary to treat phosphate-production process water by 
increasing pH to levels more compatible with the receiving 
water and reducing nutrient concentration before it is 
discharged into the aquatic environment. Although the 
effects of treated and discharged process water on aquatic 
systems have not been well studied, eutrophication 
resulting from other forms of pollution has long been 
recognized worldwide as a threat to estuarine and coastal 
systems (Turner 2000; Cloern 2001; Breitburg 2002; Deegan 
2002). Nutrient enrichment stimulates primary production 
that may support increased productivity at higher trophic 
levels (Chesney et al. 2000; Nixon and Buckley 2002); 
nevertheless, benefits from enhanced primary production 
are not universal (Turner 2000; Deegan et al. 2002). This 
is especially evident in seagrass-dominated systems 
where, although nutrients may stimulate the growth of 
seagrasses (Harlin and Thorne-Miller 1981), other primary 
producers such as phytoplankton, epiphytes, and drift 
macroalgae in general respond much more rapidly to 
nutrient enrichment (Burkholder et al. 1992; Short et 
al. 1995; Short and Burdick 1996; Valiela et al. 1997). In 
eutrophic systems, increased macroalgal cover can reduce 
availability of sunlight to seagrasses, resulting in a general 
decline in their density and net productivity (Burkholder 
et al. 1992; Short et al. 1995; Short and Burdick 1996; Valiela 
et al. 1997; Hauxwell et al. 2001). Over time, the cumulative 
effects of nutrient enrichment may result in a shift in plant 
dominance from seagrass to macroalgae (Short et al. 1995), 
with a concomitant reduction in the abundance, biomass, 
and species richness of associated nekton communities 
(Sogard and Able 1991; Deegan et al. 2002; Hughes et al. 
2002; Wyda et al. 2002).
In 2001, the Florida Department of Environmental 
Protection (DEP) assumed responsibility for the 
management of approximately 1.2 billion gallons of 
process water stored at the Piney Point Phosphate 
plant near Port Manatee, Florida. In January 2003, to 
minimize the threat of a phosphoric acid spill (Iliff et al. 
2001), the DEP began the regulated discharge of treated 
process water into Bishop Harbor, a small embayment 
located along the southeast shoreline of Tampa Bay. 
Treatment involved a suite of procedures for increasing 
pH, removing heavy metals, and reducing nutrient 
concentrations; nevertheless, some nutrients, including 
nitrogen and phosphorus, were not eliminated completely. 
We conducted a one-year survey of nekton populations 
during the continued discharge of treated process 
water into Bishop Harbor (our sampling is referred to as 
“discharge collections” throughout this paper); data from 
this study were compared with historical data collected 
under nondischarge conditions to identify possible effects 
of the discharge of treated process water on estuarine 
nekton. Although fundamental differences in sampling 
design precluded rigorous statistical comparisons between 
the two studies, we analyzed each data set independently 
using identical methods (1) to identify seasonal and 
spatial patterns in fish community structure under both 
discharge and nondischarge conditions and (2) to identify 
changes in nekton community structure that may have 
been attributable to the regulated discharge of treated 
process water. 
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Materials and Methods
Study Area
Covering some 200 ha, Bishop Harbor is a shallow 
(depth generally < 2 m) microtidal embayment (tidal range 
generally < 0.4 m) located along the southeastern shoreline 
of Tampa Bay (Figure 1). Natural freshwater input into 
Bishop Harbor originates primarily from groundwater 
and a series of small tidal creeks along the eastern 
shoreline. Beginning in January 2003, freshwater input 
into Bishop Harbor was augmented by the discharge of 
treated process water into a small discharge creek along 
the eastern shoreline. 
Primary vegetation along the natural shorelines 
of Bishop Harbor comprises a mixture of mangroves 
(primarily Rhizophora mangle and Avicennia germinans), and 
the predominant submersed aquatic vegetation comprises 
a combination of seagrasses (primarily Halodule spp. and 
Thalassia spp.) and macroalgae (primarily Ulva spp. and 
Gracilaria spp.). Total seagrass coverage in Bishop Harbor 
was estimated to be 51.2 ha in 1992 (Southwest Florida 
Water Management District 1992) and 86.8 ha in 2004 
(Southwest Florida Water Management District 2004).
Field Methods: Discharge 
Collections (November 2003–
October 2004)
The discharge of treated process water into Bishop 
Harbor began in January 2003. Monthly stratified-random 
surveys of estuarine nekton were conducted from 
November 2003 through October 2004 (Figure 1). During 
the 2004 wet season, freshwater inflow into Tampa Bay 
was higher than normal, due in large part to rainfall (117.1 
cm) associated with four hurricanes (Greenwood et al. 
2006). During each month, we sampled 16 sites within 
three spatial zones (II–IV). Five sites were randomly 
selected within each of the three spatial zones; the 16th 
sampling site was rotated among the three zones from 
month to month; an additional sample was thus collected 
in each zone every three months. Samples were collected 
using a 21.3-m center-bag seine with 3.2-mm stretched 
mesh that generally targeted small-bodied nekton (≤ 
100 mm); sampling was standardized so that the seine 
was pulled over a distance of 9.1 m at a width of 15.5 m 
between seine poles, ensuring that a consistent bottom 
area of 140 m2 was sampled. All fishes were identified in 
the field, to species when possible. Because identifying 
certain taxa (most notably Brevoortia spp. and Menidia spp.) 
and smaller individuals for certain genera (Eucinostomus 
spp. < 40 mm standard length [SL] and Gobiosoma spp. < 
20 mm SL) was difficult, such specimens were identified 
only to genus. Representative specimens were retained 
for quality assurance and control, as were specimens 
that could not be identified in the field. As many as 40 
individuals per taxon were measured to the nearest 
mm prior to release. Among fishes, standard length 
was recorded for most teleosts, head-to-tail length was 
recorded for Hippocampus spp., and maximum disc width 
was recorded for all batoids. Temperature (° C), salinity, 
pH, and dissolved oxygen (mg L-1) were recorded at 
Figure 1. The Bishop Harbor estuary, emptying into the 
southeastern region of Tampa Bay. Treated process water was 
discharged into a small creek that entered Bishop Harbor to the 
east (indicated by arrow). Roman numerals (II–IV) indicate 
spatial strata used for stratification of the 21.3-m seine sampling 
effort during the discharge of treated process water (November 
2003–October 2004) as well as post stratification of data collected 
during a nondischarge survey (January 1993–December 1993) at 
eight fixed-station sampling locations (filled squares). Open stars 
represent monthly nutrient monitoring sites. 
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each station using a YSI datasonde, water depth (m) was 
measured, and total bycatch (defined as the volume [L] 
of all collected material excluding fishes and commercial 
invertebrates) was estimated at each specific sampling site. 
Historical Data: Nondischarge 
Collections (January 1993–
December 1993)
No data on nekton communities in Bishop Harbor 
were available from the nondischarge period immediately 
preceding this study. Instead, we used data from an 
unpublished study conducted in Bishop Harbor from 
January through December 1993 to analyze seasonal 
and spatial patterns of community structure under 
nondischarge conditions. During the 1993 wet season, 
the greater Tampa Bay estuary experienced relatively dry 
conditions (65.4 cm rainfall) that were probably reflected 
in low to moderate levels of freshwater inflow (Matheson 
et al. 2003). Juvenile and subadult fishes were collected 
monthly at eight fixed stations in Bishop Harbor by using 
sampling gear and methods identical to those used during 
this study, with two notable exceptions. In the 1993 study, 
as many as three replicate samples were collected at each 
station; data from replicate samples were averaged for 
statistical analyses. 
Statistical Analyses: Seasonal and 
Spatial Comparisons
Using data collected during discharge and 
nondischarge periods, we calculated mean overall 
catch-per-unit-effort (CPUE, expressed as individuals 
100 m-2) and size for each taxon. Additionally, seasonal 
(spring: February–April; summer: May–July; fall: 
August–October; winter: November–January) and spatial 
(zones II–IV) comparisons of mean environmental 
conditions (temperature, salinity, dissolved oxygen, 
pH, depth, and bycatch quantity) were made using 
the multivariate analysis of variance (MANOVA). 
Transformed environmental variables log10 (x +1) were 
used to improve the normality of residuals. When 
normality of the residuals could not be improved, we 
carefully visually examined the residual plots and 
residual biplots to ascertain the degree of violation 
of the normality assumption and to confirm variance 
homogeneity. MANOVA is relatively robust with respect 
to moderate violations of the assumption of normality 
(Johnson and Field 1993), and we detected no problems 
with heteroscedasticity. Posterior testing of environmental 
variables that were found to differ significantly between 
seasons and spatial zones was conducted using the Tukey 
adjustment for multiple pairwise comparisons. 
Patterns in community structure within the Bishop 
Harbor estuary were examined using PRIMER v6 
software (Plymouth Routines in Multivariate Ecological 
Research; Clark and Gorley 2001; Clark and Warwick 
2001). Seasonal and spatial comparisons of community 
structure were conducted on both discharge and 
nondischarge conditions, respectively.  For community 
analyses, monthly mean CPUE was calculated for 
each taxon within each zone to account for differential 
sampling effort between zones for any month. Seasonal 
and spatial differences in community structure were 
then tested in a two-way crossed layout using analysis 
of similarities (ANOSIM), a nonparametric permutation 
test applied to the Bray-Curtis similarity matrix (Bray and 
Curtis 1957) calculated using square-root-transformed 
CPUE data to reduce the influence of exceptionally large 
catches. To test the null hypothesis that community 
structure did not differ seasonally or spatially, the value 
of the test statistic R was initially calculated for the 
observed data based upon ranked similarities within 
groups and ranked similarities between groups, adjusted 
to range from 0 to 1. Next, a series of permutations (n 
= 999) were conducted under the null hypothesis. The 
observed value of R was then compared with the resulting 
permuted distribution to calculate a probability value. 
When significant differences were detected, pairwise post 
hoc comparisons were conducted using the Bonferroni 
adjustment. Interpretation of post hoc comparisons 
involved the direct examination of ANOSIM R values, 
which indicated whether community structure differed 
clearly between groups (R > 0.75), differed but overlapped 
somewhat (0.75 ³ R > 0.5), or did not differ strongly 
(R < 0.25). The contribution of each taxon to observed 
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between-group differences was calculated using similarity 
percentages analysis (SIMPER). Although SIMPER results 
are not explicitly presented here, results from SIMPER 
analyses were used to identify a subset of species for 
which further comparison of spatial differences between 
nondischarge and discharge collections was conducted.
Statistical Analyses: Comparison 
of Data Collected During 
Discharge and Nondischarge 
Conditions
Because of differences in sampling design, 
direct statistical comparison of community structure 
between discharge and nondischarge conditions was 
not considered feasible. Instead, we plotted mean 
CPUE values for each zone during both discharge and 
nondischarge conditions for taxa identified by SIMPER 
as contributing to spatial differences in community 
structure. Relative abundances of these selected taxa 
during the two sampling periods (discharge and 
nondischarge) and within the three spatial zones (II, III, 
and IV) were compared using a chi-square analysis of 
contingency tables (Zar 1996). In addition, zone-specific 
indices of multivariate dispersion were compared directly 
by using the multivariate dispersion (MVDISP) routine in 
PRIMER. 
In association with the regulated discharge of treated 
process water, the DEP monitored various water quality 
parameters in Bishop Harbor from November 2003 
through October 2004. Wastewater discharge (m3 s-1) 
and ammonia load (kg day-1) were quantified daily at the 
mouth of the discharge creek (Figure 1); these data were 
averaged by month and then plotted in an evaluation of 
monthly variability. Total Kjeldahl nitrogen (mg L-1) and 
total phosphorus (mg L-1) were measured monthly at 
five stations in Bishop Harbor (stations 1, 1a, 2, 2a, and 3; 
Figure 1); these data were averaged and then plotted in 
an evaluation of the spatial variability of these nutrients. 
In addition, the Environmental Protection Commission of 
Hillsborough County has a long-standing water quality 
monitoring station outside the mouth of Bishop Harbor 
(station 90; Figure 1); data from this station were averaged 
by month during both nondischarge (January 1993–
December 1993) and discharge time periods (November 
2003–October 2004) and plotted along with DEP data 
collected in Bishop Harbor for comparison.
Results
Nondischarge Data Collections 
(January 1993–December 1993)
Environmental conditions in Bishop Harbor varied 
seasonally (Table 1; MANOVA: F = 12.92, p < 0.001) 
and spatially (Table 2; MANOVA: F = 3.32, p < 0.001) 
during nondischarge conditions in 1993. Seasonally, the 
summer and fall months were characterized by warmer 
temperatures, higher salinities, and lower dissolved 
oxygen concentrations than were the winter and spring 
months. Although pH was greatest in spring, seasonal 
variability was minimal. Salinity, depth sampled, and pH 
increased spatially from the inner estuary (Zone IV) to 
the mouth of the estuary (Zone II); no spatial differences 
were detected with respect to temperature and dissolved 
oxygen. The quantity of bycatch encountered did not vary 
seasonally or spatially during nondischarge conditions.
Seventy taxa were collected during nondischarge 
sampling (Table 3). Most fishes collected were small 
residents and transient juveniles using the estuarine 
habitat as a nursery. Anchoa mitchilli was the most 
abundant taxon collected during nondischarge sampling, 
along with Lagodon rhomboides, Eucinostomus spp., and 
Lucania parva they made up more than 60% of the catch. 
Juveniles of economically important species such as 
Archosargus probatocephalus, Sciaenops ocellatus, and 
Cynoscion nebulosus accounted for approximately 2% of the 
catch. 
Distinct spatial (ANOSIM: R SPATIAL = 0.60, p < 0.01) 
and, to a lesser extent, seasonal (ANOSIM: R SEASON = 
0.40, p < 0.01) differences in community structure were 
evident. Post hoc comparisons indicated that spatial 
differences were most pronounced between zone IV 
and both zone II (ANOSIM: R = 0.89, p < 0.01) and zone 
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III (ANOSIM: R = 0.81, p < 0.01); zones II and III did not 
differ significantly in community structure. Community 
structure differed in all seasonal comparisons (ANOSIM: 
R > 0.40, p < 0.01 for all pairwise comparisons), although 
the greatest difference was seen between spring and fall 
(ANOSIM: R = 0.85, p < 0.01).
Distinct spatial (Figure 2) and seasonal (Figure 3) 
differences in CPUE were evident for many abundant 
taxa. Orthopristis chrysoptera was most abundant in the 
outer estuary (zone II). Bairdiella chrysoura and Harengula 
jaguana were most abundant in zone III, and Lagodon 
rhomboides was abundant in zones II and III. The inner 
estuary (zone IV) was characterized by abundant Eugerres 
plumieri, Menidia spp., and Anchoa mitchilli. Abundance of 
most species also varied seasonally (Figure 3). The spring/
summer assemblage was dominated by L. rhomboides 
and O. chrysoptera. Most species, including B. chrysoura, 
H. jaguana, and C. nebulosus, were most abundant during 
summer and fall, whereas E. plumieri, A. mitchilli, and S. 
ocellatus were most abundant during fall and winter.
Figure 2. Mean catch per unit effort (CPUE; error bars represent 1 SE) by zone for 12 taxa identified by 
similarity percentage (SIMPER) analyses as contributing to patterns of community structure observed from 
analysis of 21.3-m seine samples collected in the Bishop Harbor estuary. Means were calculated separately for 
nondischarge (January–December 1993; filled bars) and discharge (November 2003–October 2004; open bars) 
sampling periods. An asterisk denotes taxa whose spatial distribution differed significantly between nondischarge 
and discharge periods based on chi-square analysis of contingency tables (p < 0.05). Note unique y-axis for each 
species. Water flow from discharge is from zone IV (IE = inner estuary) to zone II (OE = outer estuary).
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Table 1. Mean seasonal (winter: November–January; spring: February–April; summer: May–July; fall: August–October) 
environmental conditions (± SE) in Bishop Harbor during nondischarge (January 1993–December 1993) and discharge (November 
2003–October 2004) sampling periods. N represents the number of independent observations made during 21.3-m seine sampling. 
Read horizontally, mean values with at least one letter in common were not significantly different (p ≥ 0.05) based on Tukey’s multiple 
pairwise comparisons, while NS indicates that seasonal means were not statistically different. Environmental conditions during 
nondischarge and discharge sampling periods were not statistically compared.
Environmental Variable Winter Spring Summer Fall
Temperature (° C) 
  Nondischarge N = 92 19.6 ± 0.57 A 20.2 ± 0.0.55 A 28.8 ± 0.54 B 29.7 ± 0.54 B
  Discharge N = 192 17.9 ± 0.38 A 20.8 ± 0.38 B 29.1 ± 0.38 C 28.6 ± 0.38 C
Salinity
  Nondischarge N = 92 27.8 ± 0.49 A 26.9 ± 0.47 A 29.6 ± 0.46 B 30.1 ± 0.46 B
  Discharge N = 192 28.4 ± 0.19 B 29.1 ± 0.19 B 32.3 ± 0.19 C 26.2 ± 0.19 A
Dissolved Oxygen (mg L-1)
  Nondischarge N = 92 7.2 ± 0.44 AB 8.1 ± 0.42 B 6.5 ± 0.41 A 6.4 ± 0.41 A
  Discharge N = 192 7.9 ± 0.36 C 9.0 ± 0.36 C 5.1 ± 0.36 A 6.3 ± 0.36 B
Depth (m)
  Nondischarge N = 90 0.2 ± 0.02 A 0.4 ± 0.02 B 0.4 ± 0.02 B 0.3 ± 0.02 B
  Discharge N = 192 0.4 ± 0.02 A 0.4 ± 0.02 A 0.5 ± 0.02 B 0.4 ± 0.02 A
pH
 Nondischarge N = 92 7.6 ± 0.05 A 7.9 ± 0.07 B 7.7 ± 0.06AB 7.6 ± 0.05 A
  Discharge N = 192 8.2 ± 0.04 B 8.2 ± 0.04 B 8.0 ± 0.04 A 8.0 ± 0.04 A
Bycatch volume (L)
  Nondischarge N = 92 15.3 ± 6.41 NS 19.8 ± 6.17 NS 6.8 ± 6.01 NS 2.1 ± 6.01 NS
  Discharge N = 192 25.9 ± 7.54 B 56.7 ± 7.53 C 13.1 ± 7.54 AB 7.7 ± 7.54 A
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Table 2. Mean spatial (zones II–IV) environmental conditions (± SE) in Bishop Harbor during nondischarge (January 1993–
December 1993) and discharge (November 2003–October 2004) sampling periods. N represents the number of independent 
observations made during 21.3-m seine sampling. Read horizontally, mean values with at least one letter in common were not 
significantly different (p ≥ 0.05) based on Tukey’s multiple pairwise comparisons, while NS indicates that spatial means were not 
statistically different. Environmental conditions during nondischarge and discharge sampling periods were not statistically compared. 
Environmental Variable Zone II Zone III Zone IV
Temperature (° C) 
  Nondischarge N = 92 24.5 ± 0.45 NS 24.4 ± 0.55 NS 24.8 ± 0.44 NS
  Discharge N = 192 23.8 ± 0.33 NS 24.3 ± 0.33 NS 24.3 ± 0.33 NS
Salinity
  Nondischarge N = 92 29.4 ± 0.39 B 29.1 ± 0.47 B 27.3 ± 0.38 A
  Discharge N = 192 29.6 ± 0.16 B 29.2 ± 0.16 B 28.2 ± 0.16 A
Dissolved Oxygen (mg L-1)
  Nondischarge N = 92 7.5 ± 0.34 NS 7.2 ± 0.42 NS 6.5 ± 0.34 NS
  Discharge N = 192 7.0 ± 0.32 NS 7.2 ± 0.31 NS 7.0 ± 0.31 NS
Depth (m)
  Nondischarge N = 90 0.4 ± 0.02 B 0.4 ± 0.02 B 0.3 ± 0.02 A
  Discharge N = 192 0.5 ± 0.02 B 0.4 ± 0.02 B 0.3 ± 0.02 A
pH
 Nondischarge N = 92 7.8 ± 0.05 B 7.7 ± 0.06 AB 7.6 ± 0.04 A
  Discharge N = 192 8.1 ± 0.03 NS 8.1 ± 0.03 NS 8.1 ± 0.03 NS
Bycatch volume (L)
  Nondischarge N = 92 20.3 ± 5.04 NS 9.2 ± 6.12 NS 3.5 ± 4.96 NS
  Discharge N = 192 39.8 ± 6.58 NS 17.1 ± 6.48 NS 20.8 ± 6.52 NS
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Table 3. Mean catch per unit effort (CPUE; individuals 100 m-2; ± SE) and mean size (mm; ± SE) for all taxa collected in 21.3-m 
seine samples in the Bishop Harbor estuary during nondischarge (January 1993–December 1993; N = 282) and discharge (November 
2003–2004; N = 192) sampling periods. For each sampling period, CPUEs set in boldface type identify the most abundant taxa, 
i.e., those that together make up 95% of the total catch. A dash indicates a taxon that was not collected, whereas the absence of ± SE 
indicates that only one individual was collected.
1993 2003–2004
Scientific Name Common Name CPUE Size CPUE Size
Rhinobatos lentiginosus Atlantic guitarfish  0.00 ± 0.00 420 – –
Dasyatis sabina Atlantic stingray  0.03 ± 0.01  226 ± 15.8  0.04 ± 0.01  160 ± 14.0
Rhinoptera bonasus cownose ray – –  0.01 ± 0.01  333 ± 12.6
Elops saurus ladyfish  0.00 ± 0.00 270  0.00 ± 0.00 185
Myrophis punctatus speckled worm eel – –  0.00 ± 0.00 242
Brevoortia spp. unidentified menhaden  0.64 ± 0.37  40 ± 3.1  0.16 ± 0.12  83 ± 4.2
Harengula jaguana scaled sardine  7.37 ± 3.62  37 ± 0.7  5.77 ± 2.38  34 ± 1.4
Opisthonema oglinum Atlantic thread herring – –  0.06 ± 0.06  35 ± 1.1
Anchoa hepsetus striped anchovy – –  0.80 ± 0.33  57 ± 1.5
Anchoa mitchilli bay anchovy  67.07 ± 18.64  33 ± 0.3 177.47 ± 52.87  38 ± 0.4
Anchoa spp. unidentified anchovies 11.71 ± 11.60  43 ± 2.4 – –
Ariopsis felis hardhead catfish  0.00 ± 0.00 292  0.56 ± 0.17 306 ± 6.6
Bagre marinus gafftopsail catfish – –  0.00 ± 0.00 302
Synodus foetens inshore lizardfish  0.23 ± 0.03  88 ± 2.2  0.29 ± 0.05  59 ± 3.7
Urophycis floridana southern hake – –  0.00 ± 0.00 31
Opsanus beta gulf toadfish  0.05 ± 0.02 104 ± 7.1  0.05 ± 0.02  45 ± 7.4
Hemiramphus brasiliensis ballyhoo  0.06 ± 0.02 177 ± 5.9 – –
Hyporhamphus meeki American halfbeak – –  0.01 ± 0.01  69 ± 27.8
Strongylura marina Atlantic needlefish – –  0.01 ± 0.01 244 ± 9.3
Strongylura notata redfin needlefish  0.16 ± 0.03 160 ± 4.1  0.19 ± 0.07  134 ± 9.1
Strongylura timucu timucu – –  0.03 ± 0.02  255 ± 15.0
Strongylura spp. unidentified needlefishes  0.12 ± 0.02 219 ± 8.4  0.00 ± 0.00  91
Adinia xenica diamond killifish  0.00 ± 0.00 21 – –
Cyprinodon variegatus sheepshead minnow  0.65 ± 0.20  33 ± 1.3  0.95 ± 0.44  34 ± 0.8
Floridichthys carpio goldspotted killifish – –  1.78 ± 0.51  28 ± 0.9
Fundulus grandis gulf killifish  0.61 ± 0.30  52 ± 2.1  0.74 ± 0.25  54 ± 1.2
Fundulus similis longnose killifish  0.04 ± 0.02  64 ± 2.2  0.17 ± 0.09  43 ± 0.7
Lucania parva rainwater killifish 20.04 ± 3.78  25 ± 0.1  19.97 ± 4.14  21 ± 0.1
Gambusia holbrooki eastern mosquitofish  0.01 ± 0.01  30 ± 2.1 – –
Poecilia latipinna sailfin molly  0.28 ± 0.15  49 ± 1.9  0.22 ± 0.11  45 ± 0.4
Membras martinica rough silverside – –  0.07 ± 0.05  53 ± 3.0
Menidia spp. unidentified silversides  8.43 ± 1.85  52 ± 0.5 12.13 ± 5.09  39 ± 0.4
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1993 2003–2004
Scientific Name Common Name CPUE Size CPUE Size
Hippocampus erectus lined seahorse  0.17 ± 0.03  0.17 ± 0.03 – –
Hippocampus spp. unidentified seahorses  0.00 ± 0.00 40 – –
Hippocampus zosterae dwarf seahorse  0.06 ± 0.02  23 ± 0.7  0.12 ± 0.05  25 ± 0.4
Syngnathus floridae dusky pipefish – –  0.01 ± 0.01 102 ± 9.9
Syngnathus louisianae chain pipefish  0.12 ± 0.02 154 ± 4.2  0.06 ± 0.02 143 ± 6.3
Sygnathus spp. unidentified pipefish  0.12 ± 0.02 219 ± 8.41 – –
Prionotus scitulus leopard searobin – –  0.07 ± 0.03  41 ± 1.8
Syngnathus scovelli gulf pipefish  2.27 ± 0.26  89 ± 0.6  1.11 ± 0.16  83 ± 1.0
Prionotus tribulus bighead searobin  0.03 ± 0.01  40 ± 2.9  0.05 ± 0.02  28 ± 2.6
Prionotus spp. unidentified searobins  0.00 ± 0.00 60 – –
Centropomus undecimalis common snook  0.18 ± 0.06 104 ± 6.9  0.03 ± 0.01  324 ± 11.8
Centropristis striata black sea bass  0.00 ± 0.00 39 – –
Caranx hippos crevalle jack – –  0.00 ± 0.00 52
Chloroscombrus chrysurus Atlantic bumper – –  0.02 ± 0.02  15 ± 0.4
Selene vomer lookdown – –  0.01 ± 0.01  58 ± 1.7
Eucinostomus harengulus tidewater mojarra – –  2.03 ± 0.55  55 ± 0.8
Trachinotus falcatus permit  0.00 ± 0.00 17 – –
Lutjanus apodus schoolmaster  0.01 ± 0.00  36 ± 2.6 – –
Lutjanus griseus gray snapper  0.03 ± 0.01  38 ± 4.7  0.16 ± 0.07  34 ± 4.0
Lutjanus synagris lane snapper – –  0.03 ± 0.02  30 ± 3.3
Eucinostomus gula silver jenny – –  4.98 ± 0.86  51 ± 0.4
Eucinostomus spp. unidentified mojarras 29.14 ± 2.66  48 ± 0.4 36.23 ± 5.23  28 ± 0.3
Eugerres plumieri striped mojarra  7.45 ± 3.73  58 ± 1.4  0.21 ± 0.08  49 ± 7.3
Oligoplites saurus leatherjacket  0.21 ± 0.04  40 ± 3.6  0.18 ± 0.04  36 ± 2.2
Orthopristis chrysoptera pigfish  6.68 ± 1.22  59 ± 1.1  0.77 ± 0.45  50 ± 2.9
Archosargus 
probatocephalus sheepshead  1.74 ± 0.46  81 ± 4.4  0.32 ± 0.08  108 ± 14.4
Calamus arctifrons grass porgy  0.01 ± 0.01  57 ± 7.4 – –
Diplodus holbrookii spottail pinfish  0.02 ± 0.01  73 ± 9.2 – –
Lagodon rhomboides pinfish 41.64 ± 5.62  56 ± 0.6 53.81 ± 15.65  53 ± 0.9
Bairdiella chrysoura silver perch  8.72 ± 2.12  45 ± 0.7 12.11 ± 3.73  21 ± 0.6
Cynoscion arenarius sand seatrout  0.13 ± 0.06  42 ± 2.3  0.67 ± 0.42  29 ± 1.4
Cynoscion nebulosus spotted seatrout  1.22 ± 0.16  47 ± 1.4  1.12 ± 0.18  40 ± 1.5
Leiostomus xanthurus spot  0.90 ± 0.29  45 ± 2.8  45 ± 2.8  45 ± 1.1
Menticirrhus americanus southern kingfish  0.01 ± 0.01  46 ± 1.5  0.11 ± 0.05  36 ± 3.2
Menticirrhus saxatilis northern kingfish  0.01 ± 0.00  54 ± 4.7 – –
Pogonias cromis black drum  0.00 ± 0.00 82 – –
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1993 2003–2004
Scientific Name Common Name CPUE Size CPUE Size
Sciaenops ocellatus red drum  1.33 ± 0.54  53 ± 2.2  2.55 ± 1.08  29 ± 2.1
Chaetodipterus faber Atlantic spadefish  0.02 ± 0.01  182 ± 28.7  0.05 ± 0.02  42 ± 8.7
Tilapia spp. unidentified tilapias  0.16 ± 0.11  53 ± 3.9 – –
Mugil cephalus striped mullet  0.08 ± 0.05 136 ± 3.8  0.12 ± 0.09  126 ± 12.1
Mugil curema white mullet  0.48 ± 0.38  208 ± 11.2  0.00 ± 0.00 158
Mugil gyrans fantail mullet – –  1.88 ± 0.98  25 ± 2.2
Mugil spp. unidentified mullets  0.04 ± 0.02  21 ± 3.0 – –
Sphyraena borealis northern sennet – –  0.01 ± 0.01  46 ± 1.5
Nicholsina usta emerald parrotfish – –  0.01 ± 0.01  42 ± 13.4
Paraclinus marmoratus marbled blenny – –  0.00 ± 0.00 45
Bathygobius soporator frillfin goby  0.01 ± 0.01  66 ± 4.5  0.02 ± 0.01  47 ± 2.1
Gobionellus boleosoma darter goby  0.00 ± 0.00 58  0.01 ± 0.01  46 ± 5.7
Gobionellus oceanicus highfin goby  0.00 ± 0.00 69 – –
Gobiosoma bosc naked goby – –  0.09 ± 0.03  26 ± 1.2
Gobiosoma robustum code goby  1.55 ± 0.19  24 ± 0.2  1.36 ± 0.23  23 ± 0.2
Gobiosoma spp. unidentified gobies  0.92 ± 0.17  16 ± 0.4  1.85 ± 0.37  18 ± 0.3
Chasmodes saburrae Florida blenny  0.21 ± 0.04  33 ± 0.9  33 ± 0.9  39 ± 3.9
Microgobius gulosus clown goby  8.49 ± 1.02  30 ± 0.2  8.96 ± 1.77  8.96 ± 1.77
Paralichthys albigutta Gulf flounder  0.02 ± 0.01  92 ± 14.8  0.13 ± 0.03 171 ± 8.3
Achirus lineatus lined sole – –  0.35 ± 0.11  18 ± 0.7
Symphurus plagiusa blackcheek tonguefish  0.03 ± 0.01  55 ± 6.3  0.11 ± 0.06  34 ± 2.0
Trinectes maculatus hogchoker  0.24 ± 0.04  36 ± 3.1  0.01 ± 0.01  21 ± 10.7
Aluterus schoepfii orange filefish – –  0.02 ± 0.01 101 ± 4.1
Aluterus spp. unidentified filefishes  0.01 ± 0.00  62 ± 8.0 – –
Stephanolepis hispidus planehead filefish  0.13 ± 0.06  33 ± 1.4  0.16 ± 0.05  19 ± 0.5
Acanthostracion 
quadricornis scrawled cowfish
 0.07 ± 0.02  39 ± 7.9  0.02 ± 0.01  99 ± 38.4
Chilomycterus schoepfii striped burrfish  0.15 ± 0.03  32 ± 3.8  0.10 ± 0.03  38 ± 8.5
Sphoeroides nephelus southern puffer  0.43 ± 0.06  29 ± 0.8  0.44 ± 0.08  22 ± 1.5
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Discharge Data Collections 
(November 2003–October 2004)
Environmental conditions in Bishop Harbor varied 
both seasonally (MANOVA: F = 58.87, p < 0.001, Table 
1) and spatially (MANOVA: F = 10.27, p < 0.001, Table 
2) during discharge conditions from November 2003 
through October 2004. Seasonally, summer and fall 
months were characterized by warmer temperatures, 
reduced dissolved oxygen concentrations, and greater 
depths sampled than were winter and spring. Salinities 
were greatest in summer and least in fall, and pH, 
while greatest during winter and spring, did not vary 
substantially during the year. Quantity of bycatch was 
greatest in spring, evidence of a large macroalgal bloom 
(primarily Ulva spp. and Gracilaria spp.) that occurred in 
Bishop Harbor during February and March 2004. Spatially, 
salinity and depth sampled increased from the inner 
estuary (zone IV) to the mouth (zone II; Table 2). No spatial 
differences were detected with respect to pH, temperature, 
dissolved oxygen, or bycatch quantity.  
Figure 3. Mean seasonal (winter: November–January; spring: February–April; summer: May–July; fall: August–
October) catch per unit effort (CPUE; error bars represent 1 SE) for 12 taxa identified by similarity percentage (SIMPER) 
analyses as contributing to patterns of community structure observed from analysis of 21.3-m seine samples collected in 
the Bishop Harbor estuary. Means were separately calculated for nondischarge (January–December 1993; filled bars) and 
discharge (November 2003–October 2004; open bars). 
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Seventy-five taxa were collected during discharge 
sampling (Table 3). Most fishes collected were transient 
juveniles or small residents. Anchoa mitchilli was the 
most abundant taxon collected, along with Lucania parva, 
Lagodon rhomboides, and Eucinostomus spp. they, made 
up more than 75% of the catch. Juveniles of several 
economically important species such as Archosargus 
probatocephalus, Sciaenops ocellatus, and Cynoscion nebulosus, 
accounted for 1% of the total catch.
Distinct seasonal (ANOSIM: R SEASON = 0.61, p < 
0.01) and, to a lesser extent, spatial (ANOSIM: R SPATIAL 
= 0.17, p = 0.04) differences in community structure 
were evident. Spatial differences between communities 
were primarily due to differences in the community 
structure of zones II and IV (ANOSIM: R = 0.45, p < 0.01). 
Community structure differed in all seasonal comparisons 
(ANOSIM; R > 0.30, p < 0.03 for all pairwise comparisons), 
although the greatest difference was seen between spring 
and fall (ANOSIM; R = 0.99, p < 0.01).
Distinct spatial (Figure 2) and seasonal (Figure 3) 
differences in CPUE were evident for many abundant 
taxa. Several taxa, including Lagodon rhomboides, Bairdiella 
chrysoura, and Harengula jaguana, were most abundant in 
the outer (zone II) and middle (zone III) regions of Bishop 
Harbor. Anchoa mitchilli was abundant in all three zones 
but increased in abundance from the outer 
(zone II) to the inner part of the estuary 
(zone IV), as did Menidia spp. Lagodon 
rhomboides and B. chrysoura decreased in 
abundance from the outer (zone II) to the 
inner (zone IV) part of the estuary. Most 
other taxa, including Sciaenops ocellatus, 
Cynoscion nebulosus, Leiostomus xanthurus, 
Lucania parva, and Microgobius gulosus 
were evenly distributed throughout the 
estuary. Seasonally, Lagodon rhomboides, O. 
chrysoptera, and Leiostomus xanthurus were 
most abundant during winter and spring. 
Abundance of Lucania parva, B. chrysoura, 
and Menidia spp. were greatest during 
the summer. Most other taxa, including 
Microgobius gulosus, H. jaguana, and C. 
nebulosus, were most abundant during summer and fall, 
while S. ocellatus was most abundant during fall and 
winter. 
Comparison of Nondischarge 
and Discharge Collections
 Spatial abundance patterns for 7 of the 12 taxa 
examined differed significantly between nondischarge 
and discharge time periods (Figure 2). For most of these 
taxa, observed differences attributable to subtle shifts in 
spatial distribution rather than to an alteration of species 
composition within Bishop Harbor. Lagodon rhomboides 
was abundant in the outer estuary (zones II and III) 
during both sampling periods, although its abundance 
was substantially greater in zone II during discharge 
collections. In collections taken during nondischarge 
conditions several taxa, including Lucania parva, Bairdiella 
chrysoura, and Harengula jaguana, were most abundant in 
zone III; B. chrysoura and H. jaguana were more abundant 
toward the mouth of Bishop Harbor in discharge 
collections, whereas L. parva was evenly distributed 
throughout the estuary. Eugerres plumierii was especially 
abundant in zone IV in nondischarge collections but was 
rarely seen in discharge collections. For all three spatial 
zones, multivariate dispersion indices (IMD) comparing 
Figure 4. Mean (± SE) monthly wastewater discharge into and mean (± SE) ammonia 
load in the Bishop Harbor estuary during the discharge of treated process water 
(November 2003–October 2004).
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relative dispersion between nondischarge and discharge 
data were negative (IMDII = −0.16; IMDIII = −0.66; 
IMDIV = −0.36), indicating that zone-specific community 
structure was more variable during discharge 
conditions, especially in zones III and IV. 
 Wastewater discharge into Bishop 
Harbor, along with ammonia load, peaked 
in late 2003 and early 2004 before declining 
in May 2004 (Figure 4); regulated discharges 
were reduced substantially following the 
February–March 2004 macroalgal bloom. 
During this bloom, 87 kg of macroalgae 
was harvested to minimize the threat of 
decomposition-related hypoxia. Of the nekton 
associated with the harvested macroalgae, 
mud crabs and grass shrimp comprised 59%, 
and fishes (primarily Lagodon rhomboides 
and Lucania parva) comprised 28%. During 
discharge, total Kjeldahl nitrogen and total 
phosphorus were greatest at the point 
of discharge (Station 1) and decreased 
substantially with distance from the discharge 
creek (Figure 5). At the point of discharge, 
total Kjeldahl nitrogen was 0.79 ± 0.11 mg 
L-1 and total phosphorus was 0.25 ± 0.03 mg 
L-1. Total Kjeldahl nitrogen  (0.34 ± 0.02 mg 
L-1) and total phosphorus (0.11 ± 0.02 mg L-1) 
outside the mouth of Bishop Harbor (Station 
90) were reduced to concentrations less 
than those observed during nondischarge 
conditions in 1993.
Figure 5. Mean (± SE) total Kjeldahl nitrogen (mg L-1) and total phosphorus 
(mg L-1) for each 12-month sampling period at six monitoring stations extending 
from the discharge creek (Station 1) to outside the mouth of Bishop Harbor 
(Station 90). Filled circles represent mean values during discharge conditions for 
all six stations (November 2003–October 2004), while the open circle represents 
mean nondischarge value (January–December 1993) at Station 90 only. Water 
flow from discharge is from zone IV (IE = inner estuary) to zone II (OE = outer 
estuary) and then out to Tampa Bay.
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Discussion
Discharge of treated process water did not detectably 
alter overall community structure of small-bodied nekton 
in Bishop Harbor. Species composition was dominated 
by taxa characteristic of the greater Tampa Bay estuary 
(Springer and Woodburn 1960; Price and Schlueter 1985; 
Matheson et al. 2003; Rydene and Matheson 2003) during 
both nondischarge and discharge periods and included 
principally small, resident taxa and transient juveniles of 
a variety of economically important species that use the 
protected shallow waters as a nursery (McMichael et al. 
1989; Paperno et al. 2001; Ross 2003). Overall, three of the 
four most abundant taxa (Anchoa mitchilli, Eucinostomus 
spp., and Lagodon rhomboides) were common to both 
sampling periods (Table 3), as were 8 of the 10 most 
abundant taxa. Eugerres plumierii was substantially more 
abundant during the nondischarge period (occurring 
primarily in Zone IV); E. plumierii juveniles typically 
concentrate in regions of lower salinity (Peebles et al. 1991; 
Aguirre-Leon and Diaz-Ruiz 2000), and the locations of 
fixed stations within zone IV where the vast majority of 
E. plumierii were collected during nondischarge periods 
may have contributed to this discrepancy. Additionally, 
nondischarge abundances of E. plumierii were driven 
primarily by exceptional catches (> 100 individuals 100 
m-2) within a small number (n = 4) of samples. Leiostomus 
xanthurus, for which the strength of recruitment varies 
greatly from year to year (Allen and Barker 1990; Paperno 
2002), were abundant only in discharge collections. 
Although overall community composition did not 
differ markedly between nondischarge and discharge 
time periods, several taxa were more abundant toward 
the mouth of Bishop Harbor during the discharge time 
period. These subtle alterations in spatial distribution 
do not appear to be solely attributable to the discharge 
of treated process water but are more likely due to the 
effects of an active 2004 hurricane season and differences 
in the spatial distribution of sampling effort between 
the nondischarge and discharge nekton collections. The 
sampling designs of the nondischarge and discharge 
surveys differed: the nondischarge survey used fixed-
station sampling at eight sites in Bishop Harbor (Figure 
1), whereas the discharge survey used a stratified-
random-sampling approach. Because sampling during 
the nondischarge survey was spatially limited, overall 
community structure was less variable than within the 
discharge survey and may have influenced to some extent 
the spatial patterns noted in our analyses. Additionally, 
overall hydrologic conditions in the nondischarge and 
discharge time periods differed considerably, especially 
during the wet season (June–September), as a result of 
rainfall associated with the active 2004 hurricane season 
(Greenwood et al. 2006). Within Bishop Harbor, observed 
salinity during the discharge period was least during the 
fall, which is in stark contrast to what was found during 
the nondischarge period, in which salinity was greatest 
during the fall (Table 1). Salinity is in general one of the 
most important factors contributing to spatial patterns 
in the distribution of estuarine-dependent nekton, and 
several recent studies have identified changes in nekton 
communities throughout various Florida estuaries in 
response to alterations in salinity associated with tropical 
storms (Greenwood et al. 2006; Paperno et al. 2006; Stevens 
et al. 2006; Switzer et al. 2006). It is therefore likely that the 
reduced salinity in Bishop Harbor contributed to the shifts 
that we observed in the spatial distributions of many 
species that typically recruit during fall (e.g., Bairdiella 
chrysoura, Harengula jaguana, and Cynoscion nebulosus). 
At first glance, the lack of documented impacts 
to nekton communities in relation to the discharge of 
treated process water and concomitant eutrophication of 
Bishop Harbor is somewhat surprising. Eutrophication, 
especially in association with input of excess nitrogen 
and phosphorus, has frequently been linked to increased 
productivity of macroalgae and phytoplankton, 
which usually respond much more rapidly to nutrient 
enrichment than do seagrasses (Nilsson et al. 1991; 
Burkholder et al. 1992; Peckol and Rivers 1996; Valiela et 
al. 1997; Hauxwell et al. 2001). Rapid growth of macroalgae 
often contributes to a reduction in growth of seagrasses 
by limiting light availability and altering biogeochemical 
conditions (Burkholder et al. 1992; Valiela et al. 1997; 
Hauxwell et al., 2001). Through time, these effects may 
be manifested in a shift in primary production from 
a seagrass-dominated community to a macroalgae-
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dominated community (Burkholder et al. 1992; Hauxwell 
et al. 2001). In addition, these effects could result in 
changes in the abundance and community structure of 
associated nekton (Sheridian et al. 1997; Deegan et al. 
2002; Wyda et al. 2002; Rydene and Matheson 2003). The 
discharge of treated phosphate process water into Bishop 
Harbor contributed to a large macroalgal bloom (primarily 
Ulva spp. and Gracilaria spp.) that encompassed much of 
the study area during spring 2004 (Table 1); this bloom 
required harvesting (Valiela et al. 1997; Lavery et al. 1999) 
to minimize the threat of decomposition-related hypoxia. 
The direct harvesting of this macroalgal bloom, combined 
with a concurrent reduction in discharge and nutrient load 
(Figure 4), might have lessened the threat of increasing 
macroalgal cover to seagrass communities in Bishop 
Harbor and resultant changes to nekton community 
structure. The harvesting of macroalgae was feasible only 
because of the relatively shallow depths and small size of 
Bishop Harbor; such an approach would not be practical 
or cost-effective for most other estuarine systems. 
No discernable impacts of the discharge of treated 
process water into Bishop Harbor were evident; 
nevertheless, our ability to detect potential impacts 
was likely limited by the scope of this study. By their 
nature estuaries are highly variable environments, 
demonstrated by significant but natural seasonal and 
interannual variability in community structure. Ideally, 
sampling would be conducted for multiple years under 
both predischarge and postdischarge conditions to place 
observed fluctuations in community structure within 
the context of natural variability and to minimize the 
influence of episodic events such as hurricanes, although 
limitations in funding often preclude the implementation 
of such robust studies. As managers are forced to weigh 
the relative risks of the discharge of treated process water 
versus its long-term storage, it will become increasingly 
important to characterize the long-term effects of these 
management strategies. Although the discharge of treated 
process water likely represents a clear environmental 
risk to aquatic systems, such risks may be warranted in 
light of the more serious threat of a spill of untreated and 
highly acidic process water (Iliff et al. 2001). Given the 
scale of Florida’s phosphate-production industry, it will 
become increasingly important over the coming decades 
to develop better long-term solutions to the treatment and 
disposal of process water.
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